We present new vibrational ͑infrared͒ planar laser-induced fluorescence ͑PLIF͒ imaging techniques for CO 2 that use a simple, inexpensive, high-pulse-energy transversely excited atmospheric CO 2 laser to saturate a CO 2 absorption transition at 10.6 m. Strong excitation by use of a CO 2 laser provides increased signal levels at flame temperatures and simplifies image interpretation. Because rotational energy transfer and intramodal vibrational energy transfer are fast, vibrational distributions can be approximated by use of a simple three-temperature model. Imaging results from a 425 K unsteady transverse CO 2 jet and a laminar coflowing CO͞H 2 diffusion flame with temperatures near 1500 K are presented. If needed, temperature-insensitive signal levels can be generated with a two-laser technique. These results illustrate the potential for saturated infrared PLIF in a variety of flows.
Introduction
Recent studies have investigated infrared ͑IR͒ variations of planar laser-induced fluorescence ͑PLIF͒ techniques, [1] [2] [3] which involve use of an IR laser source to excite vibrational transitions in IR-active molecules and IR cameras to collect vibrational fluorescence. These studies have included imaging of CO at isothermal, room-temperature conditions, 1 imaging of CO and CO 2 in flames, 2 and a computational analysis of linear IR PLIF excitation schemes for CO and CO 2 . 3 Because IR PLIF measurements can generate high signal levels that scale linearly with both laser energy and species concentration, IR PLIF demonstrates advantages over Raman 4 and multiphoton PLIF [5] [6] [7] techniques to image species with inconvenient or inaccessible electronic spectra. As an example, IR PLIF is unique in that it provides the ability to image nascent CO 2 in combustion systems on a single-shot basis; this can be employed to identify combustion product regions or to measure mixing between postcombustion gases and ambient air or fuel-air charge. IR PLIF can thus serve as a valuable tool to evaluate combustion system designs.
In this paper we use a simple, inexpensive, highpulse-energy IR gas laser to generate planar lasersaturated IR fluorescence. As compared with previous CO 2 imaging schemes, 2,3 which employed tunable optical parametric oscillators to excite transitions in the linear regime, gas laser excitation in the saturated regime generates a larger PLIF signal at combustion temperatures and simplifies image interpretation by minimizing inhomogeneities in fluorescence yield. We present simple theoretical results for IR PLIF signal levels in the saturated regime, evaluate saturation of the absorption transition and its effects on PLIF signal dependence, and demonstrate saturated PLIF imaging of CO 2 .
Background
In this section we describe how saturated excitation simplifies interpretation of PLIF signals, provide a simple model for the saturated PLIF signal dependence, and support the validity of this model with a detailed rate equation analysis. When we use an integrating detector ͑e.g., an IR camera͒ and collection optics with efficiency c , the laser-induced fluorescence ͑LIF͒ signal S f is equal to the integration of the rate of LIF Ᏺ over the exposure time , multiplied by the collection efficiency:
The rate of LIF from each excited state j is given by the product of the laser-induced change in the state population ⌬N j ͑t͒ and the Einstein A emission rate from that state A j . Summing over all states, we obtain
In the linear ͑weak͒ excitation limit, the absorption process does not significantly perturb the system, and Eq. ͑2͒ can be rearranged to separate the processes of absorption and emission. The number of absorbed photons N p,abs is given by the number of incident photons N p,inc times the absorbed fraction:
where n abs is the number density of the interrogated species, is its absorption cross section, and l is the length of the imaged region. The fluorescence quantum yield lin is then defined as the number of emitted photons normalized by N p,abs :
lin is typically inversely proportional to the rate at which vibrational energy is removed from the fluorescing species. With these definitions, the fluorescence equation can be written as
The format of Eq. ͑5͒ provides insight into the effect of parameters on the fluorescence signal. N p,inc is dictated by laser-pulse energy, c by the collection optics and camera, n abs l by the absorption properties of the interrogated species, and lin by the magnitudes of excited-state emission rates and the collisional interaction between the interrogated species and its environment. In particular, lin embodies the effects of the energy-transfer processes with the bath gas. Successful linear PLIF techniques require that lin be roughly independent of the bath gas species makeup so that S f can be directly related to n abs by Eq. ͑5͒. This is easily achieved for some species ͑e.g., CO 3 ͒. However, for CO 2 , the rate at which vibrational energy is removed from the emitting states is orders of magnitude higher for collisions with H 2 O than it is for collisions with other species; thus lin varies significantly as a function of the H 2 O mole fraction in the bath gas. This makes interpretation of CO 2 concentration based on the linear IR PLIF signal difficult in combustion environments.
We have applied saturated excitation as a means of avoiding the complexity of signal interpretation for PLIF of CO 2 in the linear regime. When the transition is saturated with a high-pulse-energy laser, the upper-and lower-level populations are driven to be equal ͑when we neglect differences in state degeneracies͒ and are thus roughly constant throughout the pulse. For saturated fluorescence, it is therefore more convenient to use the fluorescence yield sat , which is defined as the number of emitted photons normalized by the number of absorbing molecules n abs V in the irradiated volume:
Note that sat is an overall fluorescence yield, defined as fluorescence photons per molecule of the interrogated species, in contrast to lin , which is a fluorescence quantum yield, defined as fluorescence photons per absorbed photon. With this definition, the fluorescence equation takes a simple form:
Because for isobaric flows we are most often interested in mole fractions rather than concentration, we can use the definition of the mole fraction ͑ abs ϭ n abs ͞n͒ and the ideal gas law ͑P ϭ nk B T͒ to rearrange Eq. ͑7͒ to show the fluorescence signal as a function of the mole fraction:
Because we can easily calibrate V and c experimentally, for isobaric flows sat ͞T is the only parameter that need be calculated to quantify the CO 2 mole fraction from the PLIF signal. In Subsections 2.A and 2.C we show that sat ͞T can show much less sensitivity to bath gas constituents than lin and less sensitivity to temperature than .
A transversely excited atmospheric ͑TEA͒ CO 2 laser is used in this study as an IR PLIF source to saturate the P͑20͒ transition of the 00 Fig. 1 . Although a full description of the state-tostate energy transfer including rotational energy transfer ͑RET͒ and vibrational energy transfer ͑VET͒ can be used for precise calculations of sat , an investigation of the characteristic rates of energy transfer for this system shows that this system is approximately described by a simple three-temperature model. The structure of the CO 2 vibrational manifold and characteristic rates of VET processes are discussed in the Subsections 2.A and 2.B and motivate Subsection 2.C on the three-temperature model that is used to explain the dependence of the IR PLIF signal with temperature.
A. CO 2 Vibrational Manifold
The vibrations of CO 2 are coupled and anharmonic, exhibit Fermi resonance ͑between 1 and 2 2 ͒, and are in some cases degenerate ͑ 2 ͒. Thus the vibrational wave functions are not accurately described by use of the harmonic-oscillator wave functions, and the vibrational level notation must distinguish between Fermi-resonant levels and levels with different angular momentum. 8 Despite their spectroscopic importance, however, these details can be ignored for calculations of energy transfer among the lower vibrational levels because they do not significantly affect state populations or transfer rates. Detailed calculations in Subsection 2.C confirm that a harmonic-oscillator analysis is accurate for calculation of fluorescence yield.
For the purposes of evaluating laser-perturbed state distributions and the fluorescence yield sat , we assume that the vibrational energy levels of CO 2 are described by four independent and harmonic vibrational modes ͑nondegenerate 1 and 3 , doubly degenerate 2 ͒. For each vibrational mode, we define a characteristic temperature ⌰ such that the product of the Boltzmann constant k B and the characteristic temperature are equal to the vibrational energy spacing. 10 For CO 2 , ⌰ 1 ϭ 2000 K, ⌰ 2 ϭ 960 K, and ⌰ 3 ϭ 3380 K. Because each mode is treated as harmonic, the quantum number of each vibrational level is an approximate measure of how many quanta of vibrational energy the vibrational level possesses at each vibrational frequency. Furthermore, because each mode is treated as being independent, it can be considered to have its own energy distribution that is unaffected by the distribution of the energy of other modes. For example, the distribution of 3 quanta among the CO 2 molecules is treated as independent of the distribution of 1 or 2 quanta and, if Boltzmann, can be described with a vibrational temperature T 3 .
B. Characteristic Rates
The three-temperature model discussed in Subsection 2.C is motivated by the relative magnitudes of the characteristic rates of ͑1͒ laser pumping, ͑2͒ equilibration of the rotational state distribution with the translational temperature, ͑3͒ intramodal equilibration of individual modes, ͑4͒ equilibration of 1 with 2 , and ͑5͒ intermodal equilibration between the 3 mode and the other modes. These characteristic rates are plotted in Fig. 2 as a function of temperature for CO 2 .
The characteristic rate of laser pumping is
where dN͞dt is the instantaneous rate of incident photons and A L is the cross-sectional area of an idealized top-hat sheet waist. k laser is the characteristic rate at which CO 2 molecules in the 10 0 0 I level are pumped to the 00 0 1 level. k RET , the characteristic rate of RET, is defined as the rate of equilibration of the lower state of the laser transition with the bath of rotational states in the lower vibrational level:
Here the summed RET rate is assumed proportional to the HWHM collisional broadening coefficient of the pumped line c i ͑cm
Ϫ1
͒ times the speed of light c . k inter corresponds to the characteristic rate of intermodal energy-transfer processes that equilibrate 3 with the other modes; k intra corresponds to the characteristic rate of intramodal energy-transfer processes that equilibrate 1 and 2 alone. k RET is the rate at which the lower and upper rotational states of the laser transition equilibrate with the rotational bath. J͞s and sheet dimensions of 500 m ϫ 4 cm. For the line-shape convolution integral, the laser was modeled as a 300-MHz Gaussian.
͑cm͞s͒. k i3j is the rate of transfer between rotational states i and j:
Elastic dephasing and rotation-rotation interactions were ignored in Eq. ͑10͒ because elastic dephasing is a negligible contribution to broadening, and rotationrotation considerations are not required to satisfactorily describe RET in CO 2 . [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Characteristic rates of intermodal and intramodal energy transfer are defined with prototypical energytransfer reactions for CO 2 . Because 1 and 2 behave to a good approximation as a single mode, we group near-resonant energy transfer between 1 23, 24 This sum of intermodal energy-transfer rates is plotted as k inter in Fig. 2 as representative of intermodal equilibration.
C. Three-Temperature Model
Because of the relative magnitudes of the rates shown in Fig. 2 , the most convenient interpretation of the laser-induced state distributions is a threetemperature model that employs the harmonicoscillator approximation. This model will lead to a relation for the fluorescence yield sat as a function of temperature.
The magnitudes of the rates shown in Fig. 2 imply that the five temperatures ͑T tr , T rot , T 1 , T 2 , T 3 ͒ are all well defined and collapse to three independent temperatures that define the nonequilibrium ͑laser-perturbed͒ vibrational distribution. RET is fast, so the rotational distribution in each vibrational level is Boltzmann with a well-defined rotational temperature equal to the translational temperature. Thus, even though the laser pumps only the j ϭ 20 state directly, all rotational states in the 10 0 0 I vibrational level are available for excitation because RET couples them to the lower states of the laser transition. Rapid intramodal relaxation implies that each vibrational mode has an individual Boltzmann distribution and therefore a well-defined temperature. Furthermore, energy transfer between the 1 mode and the 2 mode is fast ͑hence T 1 ϭ T 2 ͒ because of the accidental degeneracy between 1 and 2 2 . From these observations, we can conclude that T tr , T rot , T 1 , T 2 , and T 3 are all well defined; furthermore, T tr ϭ T rot and T 1 ϭ T 2 . Thus only three independent parameters ͑T tr , T 1 , T 3 ͒ are required to describe the lasergenerated nonequilibrium rovibrational distribution in the CO 2 molecules.
In addition to being a compact descriptor of the vibrational level population distribution, the vibrational temperature is conveniently related to the IR emission rates because of the dependence of emission rates on the vibrational level. Thus vibrational temperatures, in addition to being well defined, are the most compact and useful parameters to describe PLIF signal levels. For each vibrational mode, the emission rate of photons at the fundamental energy k B ⌰ can be related in a straightforward manner to that mode's vibrational temperature T vib . We note that the Einstein A coefficients for fundamental emission from level v to level v Ϫ 1 in a harmonic oscillator are proportional to :
where A ϵ A 130 is the rate of emission from v ϭ 1 to v ϭ 0 ͑ A Ϸ 420 s Ϫ1 for the v 3 mode of CO 2 ͒. For simplicity, we assume that emission rates are independent of the rotational state. Then, the ensembleaveraged emission rates corresponding to fundamental ͑⌬v ϭ 1͒ transitions are given as a sum of the emission rates for each vibrational level, weighted by each level's population fraction N ͞N:
The vibrational energy per molecule e of a harmonicoscillator vibrational level is also proportional to the quantum number v:
and similarly the ensemble-averaged energy per molecule e vib in a harmonic-oscillator mode is given by a population-fraction-weighted sum of vibrational level energies:
Because Eqs. ͑13͒ and ͑15͒ have the same functional form, the ensemble-averaged emission rate per molecule corresponding to single-quantum emission can be shown to be proportional to the energy in that vibrational mode:
Equation ͑16͒ thus relates the fundamental emission from a vibrational mode to the energy contained within that mode. Given Eq. ͑16͒, the emission rate can be related directly to temperature. The energy of a nondegenerate harmonic-oscillator mode can be written as a function of the mode's vibrational temperature 10 :
From
Equation ͑18͒ can be used to describe the fluorescence yield sat in terms of the laser-induced change in the 3 temperature T 3 . Before laser pumping, the system is at equilibrium at temperature T, and the translational, rotational, and vibrational temperatures are equal: T tr ϭ T 1 ϭ T 3 ϵ T. During laser pumping ͑for which we denote temperatures with an asterisk͒, the system is driven into a nonequilibrium distribution. Each absorbed 10.6-m photon removes one molecule from the 10 0 0 I level ͑which has one 1 quantum of symmetric stretch energy͒ and places it in the 00 0 1 level ͑which has one 3 quantum of antisymmetric stretch energy͒. Thus the laser excitation causes the 1 mode to lose energy and the 3 mode to gain energy, and during laser excitation T 1 * Ͻ T tr * Ͻ T 3 *. The effect of the laser is to generate a nonequilibrium T 3 * with an attendant increase in emission at 4.3 m.
If the laser-perturbed 3 temperature T 3 * is assumed constant throughout the pulse, the fluorescence yield sat can be written simply as the difference between laser-perturbed and ambient emission rates multiplied by the exposure time :
Thus the fluorescence yield is given by
Note that the term in brackets is the increase in 3 mode energy per molecule caused by laser pumping, normalized by the vibrational energy spacing k B ⌰ 3 . Because the pulse energy is high and k laser Ͼ k inter , simple results for the laser-perturbed 3 temperature T 3 * can be obtained when we ignore vibration-totranslation and intermodal vibration-to-vibration transfer and assume that the excitation fully saturates the transition. In this case, the laser drives the populations in the 10 
Because the populations in the 10 0 0 I and 00 0 1 states are equal during strong laser excitation, from Eqs. ͑21͒ and ͑22͒ we infer that, under conditions of laserinduced saturation, ⌰ 3 ͞T 3 * ϭ ⌰ 1 ͞T 1 *. With this relation, a straightforward analysis leads to a relation for T 3 * as a function of T ͑see Appendix A͒. Results for T and sat are shown in Fig. 3 .
The results above are independent of bath gas constituents and have a temperature dependence that, although significant because the transition occurs between excited states, is easily calculated a priori. Saturation of the absorption transition minimizes laser intensity dependence because stimulated emission competes with stimulated absorption. Collecting laser-prompt fluorescence ͑i.e., collecting fluorescence only during the laser pulse͒ minimizes VET rate dependence because the upper vibrational level population during the exposure is controlled by the saturated excitation, and vibrational level dynamics play only a second-order role. Thus sat is essentially unaffected by the efficiency of VET mechanisms that deplete the upper vibrational level. This independence with regard to VET rates is in contrast to lin , which can be inversely proportional to excited-state deexcitation rates, and makes saturated excitation an attractive way to simplify PLIF signal interpretation.
Detailed VET modeling confirms the quantitative accuracy of the three-temperature model and its simplifying effect on the interpretation of PLIF signal. The detailed VET model discussed in Ref. 3 ͑approx-imately 80 vibrational levels and 14,000 energytransfer processes͒ has been used with pump-laser source terms to integrate excited-state lifetimes over the camera exposure time and generate predictions for sat as a function of flow parameters. Results for pure CO 2 are shown in Fig. 4 , which compares predictions from the simple three-temperature model with results of two detailed calculations. These calculations show that the three-temperature model successfully matches the fluorescence signal predicted by a detailed VET model; the approximations of the three-temperature model ͑vibrational modes that are independent and harmonic, T 1 ϭ T 2 , T tr ϭ T rot ͒ are thus shown to be accurate.
In addition to confirming the validity of the threetemperature model, the detailed rate equation model predicts the variation of the IR PLIF signal with laser power or changes in the collisional bath. Laser fluences corresponding to those used experimentally ͑1 J͞cm 2 ͒ generate an IR PLIF signal that is almost completely saturated-within 15% of the signal level for completely saturated ͑infinite-fluence͒ excitation. With CO 2 laser pumping, the signal is not strongly affected by changes in laser intensity, CO 2 mole fraction, or H 2 O mole fraction that affect VET rates by one or two orders of magnitude. 3 Evidence of this is presented in Fig. 5 in which variations of CO 2 and H 2 O mole fractions that lead to orders of magnitude difference in VET rates are shown, in the presence of strong excitation, to have only minor ͑Ϯ15%͒ effects on IR LIF signal levels. Thus saturated excitation techniques can be applied confidently to flows with large variations in CO 2 , N 2 , or H 2 O levels that would render uninterpretable the LIF signal resulting from linear excitation.
Experimental Setup and Techniques
The basic experimental setup shown in Fig. 6 is used to demonstrate the utility of TEA CO 2 laser excitation and confirm the validity of the previous analyses. The CO 2 laser ͑Lasertechnics Blazer 2000͒ generates pulses at 10.6 m with energy up to 5 J. These pulses correspond primarily to the P͑20͒ transition of the 00 , respectively. These contributions come early in the pulse before the P͑20͒ line builds up enough intensity to dominate the cavity gain. The pulse length is typical of TEA lasers, with an early 100-ns FWHM peak followed by a slowly decaying ͑2-s͒ tail ͓see Fig. 9͑b͒ for a graphical representation͔. The P͑20͒ line output is gain narrowed to 300 MHz.
Fluorescence was imaged through 4.1-4.5-m interference filters onto one or two 256 ϫ 256 InSb cameras ͑Santa Barbara Focalplane SBF 134͒ with a quantum efficiency of 0.85, a variable exposure time ͑minimum 300 ns͒, and a 14-bit dynamic range. Only one camera is required to generate the IR PLIF image; however, in flows with luminous backgrounds, a second camera is triggered before the laser pulse and is used to record and subsequently reject flow luminosity that is present in the absence of laser excitation. Details of dual-image techniques have been described previously. 2, 25 Because the IR PLIF signal in the saturated limit is proportional to the sheet thickness, IR PLIF images of the flow field are also normalized by averaged reference images of a uniform-concentration isothermal flow field. This normalization induces small ͑5%͒ errors because of imperfect saturation, particularly in the extreme spatial and temporal regions of the laser sheet where the irradiance approaches zero, but otherwise eliminates spatial signal variations caused by changes in sheet thickness.
Results

IR PLIF imaging has been demonstrated in two flows.
For imaging experiments, we expanded and formed the CO 2 laser output into a sheet using aluminumcoated or BaF 2 optics. Sheet thickness was 570 m at the focal point with an effective Rayleigh range of 3 cm. Local laser fluence throughout the images varied by a factor of 2 because of laser spatial profile nonuniformity, sheet focusing, and laser attenuation. Spatial resolution perpendicular to the laser sheet is estimated to be 1200 m and is due in part to saturation effects ͑which give the spatial distribution of the LIF signal a larger FWHM than the beam-waist FWHM͒. For the 11 cm ϫ 11 cm images here, inplane resolution is limited by optical aberrations and pixel cross talk and is estimated to be 1400 m. This resolution, corresponding to a spatial dynamic range of 80, is typical for images collected with our camera systems.
PLIF images are presented for two simple test cases. As a low-temperature demonstration, we imaged an unsteady transverse 425 K CO 2 jet ͑d ϭ 7 mm͒ in an air coflow using a two-camera technique; background luminosity is quite minor ͑S͞B ϭ 20͒ for this flow but was nonetheless removed with the second camera. Exposure times of 2 s were used. The background image was triggered 4 s before the PLIF image, giving an overall temporal resolution of 6 s. A sample result is shown in Fig. 7 . The peak signal-to-noise ratio for these single-shot images is typically 50, and the minimum detectable concentration at 425 K, 1 atm is 2.7 ϫ 10 17 molecules͞cm 3 ͑1000-parts per million mole fraction͒. Signal in these images is proportional to the CO 2 mole fraction and sat ͞T.
In addition to visualization of low-temperature mixing processes, IR PLIF imaging with a CO 2 laser is capable of visualizing high-temperature flows. CO 2 was imaged in a flame fueled primarily by a 50% CO and 50% Ar mixture ͑2% H 2 added for stability͒. A single-camera technique was used in this case because the flow was steady and the images at the camera framing rates ͑in this case 20 Hz͒ could be reliably subtracted. To minimize flame luminosity, the camera was exposed for the first 1 s of the laser pulse. Results are shown in Fig. 8 . The peak signal-to-noise ratio for single-shot images is typically ϳ6, and the minimum detectable concentration at flame conditions is 1.4 ϫ 10 17 molecules͞cm 3 ͑2% CO 2 mole fraction͒. Again, signal levels in these images are proportional to the CO 2 mole fraction and sat ͞T. For the temperatures typical of nascent CO 2 as measured in this image, sat ͞T is roughly independent of temperature.
As indicated above, pumping an excited state leads to a fluorescence signal with appreciable temperature dependence. Although this effect is moderate for images of nascent CO 2 , mixing processes with varying temperatures and cold CO 2 regions motivate the design of excitation schemes with a flat response to temperature. This can be achieved when we combine optical parametric oscillator ͑OPO͒ pumping of the 20 Detailed calculations indicate that experimentally convenient fluences can be chosen such that sat ͞T is roughly constant with temperature over the range 300 -2200 K. We confirmed this by measuring single-point LIF signals at a constant mole fraction ͑which are proportional to sat ͞T͒ as a function of temperature and comparing them with the results of the detailed calculation ͑Fig. 10͒. Temperatures up to 900 K were explored. We focused the laser to a 500-m waist using a 150-mm ZnSe spherical lens, and LIF was measured in the potential core of a heated 10% CO 2 ͞Ar jet. As can be seen in Fig. 10 , the experimental data match the predictions well. The effect of the OPO excitation step is clear at low temperatures, for which the Boltzmann fraction of the pumped rovibronic state is large and the 2.0-m laser pumping is efficient. At higher temperatures, the effect of the OPO step decreases as the Boltzmann fraction of the pumped rovibronic state decreases; the signal is then dominated by the CO 2 laser pumping. Uniform response with temperature over the wide range shown in Fig. 10 is not achievable by use of linear excitation. 3 
Conclusions
We have presented new IR PLIF imaging techniques for CO 2 that use a high-pulse-energy TEA CO 2 laser to saturate the P͑20͒ absorption transition of the 00 IR PLIF schemes based on TEA laser excitation alone generate a signal that increases with temperature. Calculations over the 300 -2200 K range have been confirmed by single-point LIF measurements over the 300 -900 K range and show that the addition of an OPO excitation step at 2.0 m that pumps the 20 0 1 II 4 00°0͒ transition can be implemented to generate a fluorescence yield that is roughly independent of temperature over the 300 -2200 K range. This technique can be applied straightforwardly for PLIF imaging. Recall that, before laser excitation, the system is at equilibrium at temperature T, therefore T ϭ T tr ϭ T 1 ϭ T 3 . T rot and T 2 need not be specified because T rot ϭ T tr and T 2 ϭ T 1 . During laser excitation, the system is nonequilibrium, so the distribution must be described by three temperatures ͑T tr *, T 1 *, T 3 *͒. From conservation of vibrational energy we have e vib * ϭ e vib ϩ N p,abs N k B ͑⌰ 3 Ϫ ⌰ 1 ͒,
which states that the difference between the vibrational energies during ͑e vib *͒ and before ͑e vib ͒ laser pumping is equal to the number of photons absorbed per molecule ͑N p,abs ͞N͒ times the photon energy ͓k B ͑⌰ 3 Ϫ ⌰ 1 ͔͒. The number of absorbed photons is given by the difference between the 3 mode energy during and before the laser pulse: 
